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Membrane trafﬁckinga b s t r a c t
The Kv3.1 channel plays a crucial role in regulating the high-frequency ﬁring properties of neurons.
Here, we determined whether Src regulates the subcellular distributions of the Kv3.1b channel. Co-
expression of active Src induced a dramatic redistribution of Kv3.1b to the endoplasmic reticulum.
Furthermore, co-expression of the Kv3.1b channel with active Src induced a remarkable decrease in
the pool of Kv3.1b at the cell surface. Moreover, the co-expression of active Src results in a signiﬁ-
cant decrease in the peak current densities of the Kv3.1b channel, and a substantial alteration in the
voltage dependence of its steady-state inactivation. Taken together, these results indicate that Src
kinase may play an important role in regulating membrane trafﬁcking of Kv3.1b channels.
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Voltage-gated K+ Kv3.1 channels play an important role in reg-
ulating the high-frequency ﬁring properties of mammalian neu-
rons [1,2]. Kv3.1 channels are expressed in the interneurons of
the cerebral cortex and hippocampus and in midbrain auditory
neurons [1,3]. In the rat auditory brainstem, Kv3.1 channels are
localized to globular bushy cells of the anterior ventral cochlear
nucleus and the principal cells of the medial of the trapezoid
[1,3]. Kv3.1 expression was recently reported to be altered in the
developing visual cortex following visual experience; this alter-
ation affects the functional properties of high-frequency ﬁring in
neurons [4,5]. Moreover, in a transgenic mouse model of Alzhei-
mer’s disease, Kv3.1 channels may play a role in cognitive symp-
toms and may contribute to the maturation of the electrical
activity of neurons during development and aging [6].
Protein phosphorylation is known to regulate the functional
activity, localization, and electrophysiological properties of K+
channels in mammalian neurons [7]. The majority of studies have
examined the functional roles of Ser and Thr phosphorylation in
channel proteins [1,7–9]. However, a number of reports have
shown that tyrosine phosphorylation plays a critical role in regu-
lating the cellular and electrophysiological properties of K+ chan-
nels [10–13]. Kv1.3 channel currents decrease following tyrosinephosphorylation in olfactory bulb neurons and mammalian cells
[10,11]. The surface expression of HCN4 channels is regulated via
de-phosphorylation [14]. Speciﬁc subunits of KCNQ channels are
modulated by tyrosine phosphorylation via Src family proteins
[13]. The activity of Kv2.1 channels increases following Src-depen-
dent tyrosine phosphorylation at speciﬁc sites [12,15]. However,
although the activity of Kv3.1 in auditory neurons is determined
by changes in phosphorylation states depending on the acoustic
environment [3,16], the functional role of tyrosine phosphoryla-
tion of Kv3.1 channels remains unclear.
In this study, we investigated the functional role of Src kinase in
regulating the membrane trafﬁcking of Kv3.1b channel proteins.
We observed that the surface expression of Kv3.1b proteins is reg-
ulated by a Src activity-dependent mechanism in mammalian cells.
The surface expression of Kv3.1b channel proteins is suppressed
when Src kinase activity increases. Thus, these results suggest that
tyrosine phosphorylation of the Kv3.1b channel protein by Src ki-
nase plays a critical role in regulating the membrane trafﬁcking
of the Kv3.1b channel protein.
2. Materials and methods
2.1. Cell culture
Human embryonic kidney (HEK) 293 cells and monkey kidney
ﬁbroblast COS-7 cells were maintained in Dulbecco’s modiﬁed Ea-
gle’s medium (DMEM; Welgene, Korea) containing 10% fetal bo-
vine serum (Invitrogen, NY) and 1% penicillin–streptomycin
S.H. Bae et al. / FEBS Letters 588 (2014) 86–91 87(Welgene, Korea) in an incubator at 5% CO2 at 37 C. Cells were
sub-cultured every 3 days.
2.2. Plasmids and transfection
The plasmid encoding rat Kv3.1b was a kind gift from Dr. Leon-
ard K. Kaczmarek (Yale University School of Medicine, New Haven,
USA), and mouse pCMV5-mouse Src was obtained from Addgene
(plasmid 13663). Transient transfections were performed using
Lipofectamine 2000 (Invitrogen, NY).
2.3. Site-directed mutagenesis
Mutagenesis of pCMV5-mouse Src was performed using a
quick-change site-directed mutagenesis kit (Agilent Technologies)
according to the manufacturer’s instructions. Primers for Src
K297M (dominant negative Src (Src-DN)) or Src Y529F (constitu-
tively active Src (Src-CA)) were designed using the Quick-change
Primer Design tool (Agilent Technologies): Src K297M, Sense:
50-gcaccacgagggttgccatcatgactctgaagcca-30, Antisense: 50- tggcttca-
gagtcatgatggcaaccctcgtggtgc-30; Src Y529F, Sense: 50-gtccactgagc-
cacagttccagccc gg-30, Anti-sense: 50- ccgggctggaactgtggctcagtggac-30.
2.4. Cell lysis
The cells were lysed in buffer containing 1% Triton X-100,
150 mM NaCl, 50 mM Tris–HCl (pH 8.0), 1 mM sodium orthovana-
date, 5 mM NaF, 5 mM sodium pyrophosphate, 1 mM PMSF, apro-
tinin (1.5 g/ml), leupeptin (10 g/ml), and benzamidine (0.1 g/ml).
The lysates were centrifuged at 16000g for 40 min at 4 C. The
protein concentrations of the lysates were determined using the
BCA assay Kit (Thermo Scientiﬁc, IL).
2.5. Western blotting
Lysates were separated by 7.5% SDS–PAGE and transferred to
nitrocellulose membranes. The membranes were blocked with 4%
skim milk for 30 min at room temperature, then incubated with
anti-Kv3.1b (N16b/8, UC Davis/NIH NeuroMab Facility, CA) and
anti-b-actin (Santa Cruz, CA) for 2 h at room temperature, followed
by incubation with HRP-conjugated goat anti-mouse IgG (ADI-SAB-
100, Enzo, NY) for 1 h at room temperature. The proteins were
visualized using the SuperSignal West Pico kit (Pierce, IL). The
density of the protein bands was measured using Image-J software
(National Institutes of Health, Bethesda, MD).
2.6. Immunoﬂuorescence staining
Transfected COS-7 were incubated on glass slides, ﬁxed in 4%
paraformaldehyde for 30 min, and washed with PBS containing
4% skim milk and 0.1% Triton X-100. After washing, the cells were
incubated with anti-Kv3.1b (UC Davis/NIH Neuromab, CA) and
anti-PDI (Santa Cruz, CA) for 2 h and then washed three times with
TBS for 5 min. The washed cells were incubated with Alexa Fluor
488 (Invitrogen, NY) and Alexa Fluor 594 (Invitrogen, NY) for 1 h.
The cover-glasses were mounted on slide-glasses in blue mounting
medium containing DAPI (Vector, CA). Fluorescent images were
acquired with a confocal microscope (LSM700, Zeiss, Germany).
2.7. Whole-cell patch-clamp recordings
Kv3.1b and EGFP were co-transfected with Src or Src mutants
into HEK293 cells. Whole-cell patch-clamp recordings were per-
formed at room temperature (22–23 C) using Axopatch 200B
ampliﬁers (Molecular Devices, Sunnyvale, CA). The intracellularpipette solution for whole-cell recordings contained 140 mM KCl,
1 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, and 10 mM EGTA; it
was adjusted to pH 7.3 using KOH. The bath solution for whole-cell
recordings contained 140 mM NaCl, 5 mM KCl, 1.3 mM CaCl2,
1 mM MgCl2, 20 mM HEPES, and 10 mM glucose; it was adjusted
to pH 7.3 with NaOH. Leak subtraction was not used in any exper-
iments. The sampling rate was 100 kHz, and the currents were
low-pass ﬁltered at 5 kHz (fourpole Bessel ﬁlter). The average ser-
ies resistance was 1.14 ± 0.06 MX (n = 32) and was compensated
by 80%. Voltage-clamp pulses and data acquisition were controlled
with pClamp 10.3 software (Molecular Devices) running on an
IBM-compatible Pentium computer interfaced to the ampliﬁer by
a Digidata 1440A acquisition board (Molecular Devices).
2.8. Data analyses
Cells were maintained at a holding potential of 80 mV be-
tween pulse protocols. The activation curve was obtained by nor-
malizing the tail currents measured at 40 mV after stepping the
depolarizing voltage from 80 to 80 mV. For analysis, OriginPro
8.2 software (Origin Lab Corp., Northampton, MA) was used. Acti-
vation curves were ﬁtted using the Boltzmann equation: G/
Gmax = 1/[1 + exp(V0.5  Vm)/k], where V0.5 is the voltage at which
the conductance was half-maximal, Vm is the test potential, and k
is the slope factor for the activation curve. The steady-state voltage
dependence of inactivation was studied using a double-pulse pro-
tocol in which the test voltage step to 40 mV (300 ms in length)
was preceded by 20-s preconditioning pulses from 50 to 50 mV
in steps of 10 mV. Experimental points were ﬁtted using a Boltz-
mann equation as follows: I/Imax = 1/[1 + exp(Vm  V0.5)/k]+C,
where Vm is the preconditioning potential, V0.5 is the midpoint po-
tential, k is the slope factor of the curve, and C is the proportion of
non-inactivating current. The data were summarized as the
mean ± S.E. For statistical analyses, one-way analysis of variance
(ANOVA) was used to compare multiple groups, followed by Bon-
ferroni’s or Tukey’s test. A value of P < 0.05 was considered statis-
tically signiﬁcant.
2.9. Statistical analyses
Data are expressed as the mean ± S.E.M. of three independent
experiments or as speciﬁed for each ﬁgure. The signiﬁcance of dif-
ferences between means was evaluated using Student’s t test. A va-
lue of P < 0.05 was considered statistically signiﬁcant.3. Results and discussion
To investigate the effects of co-expression of Src kinase on
membrane trafﬁcking of the Kv3.1b channel, we analyzed the sub-
cellular localization of the Kv3.1b channel when co-expressed with
wild type Src (Src-WT), dominant-negative Src (Src-DN), or consti-
tutively active Src (Src-CA) in COS-7 cells by immunoﬂuorescence
staining. To determine the intracellular and surface expression lev-
els of Kv3.1b proteins, COS-7 cells expressing Kv3.1b channels
were double-labeled with anti-Kv3.1b and anti-protein disulﬁde
isomerase (PDI; an endoplasmic reticulum (ER) marker) antibodies.
Immunoﬂuorescence staining of COS-7 cells expressing Kv3.1b
alone or co-expressed with Src-WT or Src-DN revealed that the
majority of Kv3.1b channel staining occurred at the plasma mem-
brane of COS-7 cells (Fig 1A, B, and C), in contrast to cells co-
expressing Kv3.1b with Src-CA, in which Kv3.1b staining was pri-
marily co-localized with PDI (Fig. 1D). The quantitative analysis
of the immunoﬂuorescence staining of COS-7 cells co-expressing
Kv3.1b with Src variants is shown in Fig. 1E (Kv3.1b alone
81.33 ± 4.37%; Src-WT, 61.33 ± 3.52%; Src-DN, 74.00 ± 32.30%;
Fig. 1. Co-expression of Src with Kv3.1b leads to an alteration of the subcellular localization of Kv3.1b in COS-7 cells. Cells were transfected with Kv3.1b alone (A) or Kv3.1b
with Src-WT, (B) Src-DN, (C) or Src-CA, (D) at a ratio of 1:1, and immunoﬂuorescence staining was then performed to double-stain for Kv3.1b (green) and PDI (ER-marker;
red). The cells were ﬁxed with 4% PFA and permeabilized with detergent (0.1% Triton X-100). The arrows in D indicate co-localization of Kv3.1b with the ER marker PDI in
COS-7 cells. By contrast, white arrowheads in A–C indicate the localization of Kv3.1b to the plasma membrane at the periphery of COS-7 cells. (E) Quantitative analysis of the
surface expression of Kv3.1b induced by Src kinase. A surface expression index (SEI) determined the percentage of cells with Kv3.1b surface expression in response to co-
transfected with Src variants. Data are expressed as the mean ± S.E.M. (n = 3, ⁄P < 0.05, ⁄⁄P < 0.01, Student’s t test).
Fig. 2. Src regulates the surface expression of Kv3.1b channels in heterologous cells. (A) HEK293 and (B) COS-7 cells were co-transfected with Kv3.1b and Src-WT, Src-DN, Src-
CA, GFP, or pcDNA. Cell lysates were separated by 7.5% SDS–PAGE and immunoblotted using anti-Kv3.1b. Higher relative Mr. bands of 100–110 kDa and lower Mr. bands of
70–75 kDa were detected along with the major forms of the Kv3.1b channel protein in HEK293 and COS-7 cells. (C, D) Quantitative analysis of the electrophoretic mobility
shift of Kv3.1b induced by Src kinase. The intensities of the higher relative Mr. forms and lower Mr. forms were measured and are shown as the percentage of each form
relative to the total Kv3.1b protein pool.
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Fig. 3. SDS–PAGE analysis of the dose-dependent shift in the surface expression of
Kv3.1b induced by Src. A. COS-7 cells were co-transfected with a ﬁxed amount of
Kv3.1b cDNA and increasing amounts of Src-DN (A), Src-CA (B), or Src-WT (C) at the
indicated ratios. The cell lysates were separated by 7.5% SDS–PAGE and immuno-
blotted with anti-Kv3.1b.
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is regulated by Src kinase in other cells, immunoﬂuorescence stain-
ing was performed in HEK293 cells co-transfected with Kv3.1b and
the Src variants. HEK293 cells co-expressing Kv3.1b and Src-CA
yielded results similar to those obtained in COS-7 cells
(Supplementary Fig. 1). These results indicate that Src kinase
downregulates Kv3.1b trafﬁcking to the plasma cellular membrane.
The Kv3.1b channel protein contains two N-glycosylation sites
(Asn220 and Asn229) on the extracellular linker between the ﬁrst
(S1) and second transmembrane segments (S2) in mammalian cells
[17,18]. N-glycosylated Kv channel proteins in heterologous cells
exhibit a distinct shift in electrophoretic mobility by SDS–PAGE
based on differences in N-linked glycosylation processing of the
channel proteins [19,20]. In addition, transfection of Kv channel
proteins containing N-linked oligosaccharide chains in mammalian
cells has revealed that lower molecular weight (Mr) protein pools
carrying simple high mannose chains correspond to ER pools, while
higher Mr. protein pools carrying sialylated chains correspond to
Golgi and plasma membrane pools, as determined by SDS–PAGE
analysis [19]. Therefore, these properties have been used as an
extracellular marker to verify the subcellular localization of the
channel proteins [19,21]. To analyze the electrophoretic mobility
of the channel protein when expressed in mammalian cells, the
expression properties of the Kv3.1b channel protein was analyzed
by SDS–PAGE. Two predominant forms of the Kv3.1b channel pro-
tein were detected in heterologous cells (Fig. 2). Higher relativeMr.
bands of 100–110 kDa and lowerMr. bands of 70–75 kDa were de-
tected along with the major forms of the Kv3.1b channel protein in
HEK293 and COS-7 cells (Fig. 2A and B). These data follow a pattern
similar to that observed for transfection of the Kv1a subunit chan-
nel protein [19,21]. Moreover, the lower Mr. forms of the Kv3.1b
channel protein have been shown to be sensitive to Endo H and
PNGase F treatment, reﬂecting their ER localization [20]. Therefore,these data suggest that the lowMr. forms of the Kv3.1b protein are
consistent with the newly synthesized pool localized to the ER,
whereas the Golgi and plasma membrane pools correspond to
the high Mr. forms (Fig. 2).
To investigate the effects of Src kinase on membrane trafﬁcking
of Kv3.1b channels in HEK293 cells, Kv3.1b was co-transfected
with GFP, Src-WT, Src-DN, or Src-CA to change the relative propor-
tions of these proteins within the surface and ER pools. Co-expres-
sion of Kv3.1b with GFP, Src-WT, and Src-DN did not affect the
relative proportions of Kv3.1b proteins at the surface or in ER pools
(Fig. 2A). By contrast, co-expression of Kv3.1b with Src-CA led to a
decrease in surface-pool forms compared with co-expression of
Kv3.1b with Src-WT and Src-DN. The relative proportions of the
surface and ER pools of the Kv3.1b protein were 71.77:28.23
(Fig. 2A). Similar to results in HEK293 cells, COS-7 cells co-express-
ing Kv3.1b with Src-CA displayed a signiﬁcant decrease in surface-
pool forms (Fig. 2B). Interestingly, Kv3.1b proteins exhibit distinct
low and highMr. forms in HEK293 versus COS-7 cells. These differ-
ences might be due to cell-type dependent N-glycosylation of
Kv3.1b proteins [22]. These biochemical data are consistent with
the results from our immunoﬂuorescence staining and suggest that
the surface expression of the Kv3.1b channel protein is regulated
by Src kinase in heterologous cells.
To further investigate whether the surface expression of Kv3.1b
channel proteins changes upon Src kinase activity, we co-ex-
pressed ﬁxed amounts of Kv3.1b cDNA with increasing amounts
of Src-DN, Src-CA, or Src-WT cDNA in COS-7 cells. Increasing
amounts of Src-DN cDNA had no effect on Kv3.1b surface-pool
forms (Fig. 3A). However, Src-CA dramatically decreased Kv3.1b
surface-pool forms in a dose-dependent manner (Fig. 3B). Interest-
ingly, although co-expression of Kv3.1b with Src-WT led to a de-
crease in surface-pool forms compared with co-expression of
Kv3.1b with Src-DN, only high amounts of Src-WT cDNA affected
Kv3.1b surface expression (Fig. 3C). Thus, these data demonstrate
that surface expression and trafﬁcking of Kv3.1b channel proteins
is regulated by Src in an activity-dependent manner.
To further explore the effect of Src kinase on the electrophysio-
logical properties of the Kv3.1b channel, whole cell patch-clamping
was used to analyze the functional properties of Kv3.1b channels in
HEK293 cells co-transfected with pcDNA, Src-WT, Src-DN, or Src-
CA. Fig. 4A shows representative Kv3.1b currents recorded from
cells co-transfected with Src or its mutants. The peak current den-
sities of Kv3.1b co-expressed with Src-CA (1.50 ± 0.25 nA/pF;
n = 8) were signiﬁcantly smaller than that obtained from the other
co-transfections (pcDNA = 3.01 ± 0.46 nA/pF, n = 11; Src-
DN = 3.01 ± 0.46 nA/pF, n = 9, Src-WT = 2.82 0.35 nA/pF, n = 10;
Fig. 4B). Similar to the biochemical and immunoﬂuorescent stain-
ing data, these electrophysiological studies demonstrate that
Kv3.1b channels are modulated by Src activity.
To determine if the voltage-dependent gating of Kv3.1b chan-
nels is regulated by Src kinase, the voltage dependence of activa-
tion and steady-state inactivation were examined using a series
of depolarizing test pulses to +80 mV from a holding potential of
80 mV. Co-expression of Src and its mutants did not alter the
voltage dependence of activation of the Kv3.1b channels (Fig. 4C).
The voltage dependence of the steady-state inactivation of the
Kv3.1b channels was altered dramatically by Src activation
(Fig. 4D). The midpoint of steady-state inactivation (measured
using 20-s prepulses) of Kv3.1b co-expressed with Src-WT
(5.16 ± 1.05 mV; n = 5) was not signiﬁcantly different from co-
expression with pcDNA (4.16 ± 1.79 mV; n = 4). However, constant
Src activation not only signiﬁcantly hyperpolarized the voltage-
dependent inactivation by 19 mV but also resulted in a steeper
slope when compared with co-expression with Src-WT. By con-
trast, the inactive Src-DN signiﬁcantly depolarized the voltage
dependency of steady-state inactivation by 10 mV compared with
Fig. 4. The current density and voltage dependency of the Kv3.1b current in cells co-transfected with pcDNA, Src-WT, Src-DN, or Src-CA. (A) Representative whole-cell Kv3.1b
current traces recorded using 300-ms depolarizing pulses between 80 mV and 40 mV in 10-mV steps from a holding potential of -80 mV. (B) The current density was
calculated by dividing the peak current amplitude at 60 mV of depolarization by the cell capacitance. (C) The voltage-dependent activation curves were ﬁtted using
Boltzmann distribution equations. pcDNA (); V0.5 = 3.79 ± 1.69 mV, k = 11.22 ± 0.48 mV (n = 5), Src-WT (N); V0.5 = 1.59 ± 0.90 mV, k = 11.13 ± 0.28 mV (n = 9), Src-DN (h);
V0.5 = 0.34 ± 2.03 mV, k = 12.29 ± 0.53 mV (n = 5), Src-CA (s); V0.5 = 0.58 ± 0.66 mV, k = 11.11 ± 0.20 mV (n = 5) (D) The voltage-dependent steady-state inactivation curves
were ﬁtted using Boltzmann distribution equations. pcDNA (); V0.5 = 4.16 ± 1.79 mV, k = 9.47 ± 1.40 mV, C = 22.00 ± 0.84% (n = 4), Src-WT (N); V0.5 = 5.16 ± 1.05 mV,
k = 10.98 ± 0.66 mV, C = 20.33 ± 1.08% (n = 5), Src-DN (h); V0.5 = 13.45 ± 2.61 mV, k = 16.53 ± 0.76 mV, C = 27.86 ± 3.21% (n = 6), Src-CA (s); V0.5 = 13.99 ± 0.85 mV,
k = 5.22 ± 0.31 mV, C = 9.43 ± 1.52% (n = 6).
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inactivating Kv3.1b current decreased following activation by Src
(P < 0.01). Therefore, Src-mediated activation decreases the avail-
ability of Kv3.1b suggesting that regulation by Src modulates the
excitability of the channel.
Trafﬁcking-dependent phosphorylation regulates the cell sur-
face expression of ion channels in mammalian cells [10,13]. How-
ever, the trafﬁcking of Kv3.1b phosphorylated at tyrosine by Src
has not been studied in mammalian cells. In this study, we noted
that Kv3.1b proteins are found in two different protein pools
(ER-localized and cell-surface pool) in HEK293 and COS-7 cells.
Co-expression of Kv3.1b with Src-CA inhibited Kv3.1b trafﬁcking
to the plasma membrane in mammalian cells; however, co-expres-
sion of Kv3.1b with Src-DN or Src-WT had no effect on trafﬁcking.
Moreover, we observed that co-expression of the same dose of Src-
WT with Kv3.1b is not sufﬁcient to inhibit surface trafﬁcking of
Kv3.1b. Taken together, these data suggest that membrane trafﬁck-
ing of the Kv3.1b channel is regulated in a Src activity-dependent
manner.
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